The effect of UV-irradiation on the conversion of the single-stranded DNA of the parvovirus Minute-Virus-of-Mice (MVM) to duplex Feplicative Forms (RF) was studied after infection of mouse A9 fibroblasts. UV-irradiation of the virus prior to infection of unirradiated cells resulted in a dose-dependent, single-hit, inhibition of RF formation. Restriction fragment analysis indicated that this inhibition could be ascribed to the introduction of absolute blocks which prevent elongation of the newly synthesized complementary strand. Cell exposure to UV-light prior to infection with UV-irradiated MVM enhanced the fraction of input viral DNA which was converted to RF. This enhancement required de^ novo protein synthesis during the interval between cell irradiation and virus infection. These results suggest that DNA replication constitutes a target in the viral life cycle that leads to the UV-enhanced Reactivation of virus survival, however they do not permit us to identify the step of RF formation which is enhanced in UV-pretreated cells.
Introduction UV-irradlation of eukaryotic cells causes periods during which the rate of DNA synthesis is reduced. UV-induced DNA damage prevents replicon initiation (1) . Moreover, pyrimidine dimers, the predominant UV-induced DNA lesions, appear to pose obstacles to the replication machinery and to inhibit the elongation of growing DNA strands (2) . _In vitro experiments have shown that mammalian DNA polymerase alpha is blocked at diners during replication on a UV-irradiated single-stranded DNA template (3) . In vivo, dimers are responsible for the formation of discontinuities in newly synthesized DNA (4) (5) (6) . The in vivo structure of blocked DNA replication intermediates is poorly understood in mammalian cells. In particular, it is disputed whether replication halts (7, 8) or whether it resumes beyond dimers to leave gaps in the daughter strands synthesized from lesion-containing templates (9) (10) (11) (12) . The complexity of the cellular DNA replication process (13) (14) makes it difficult to resolve this controversy unambiguously by direct analysis of cell DNA.
Another Intriguing problem is how mammalian cells recover their ability to synthesize DNA both of a normal sire (5, 15) and at a normal rate (7, 16) late after irradiation. This recovery does not parallel the excision of lesions (17) (18) (19) and cannot be ascribed to the reiterative replication of lesion-free DNA (20) . The progression of postirradiation DNA replication does not seem to involve large single-strand exchanges between sister molecules (21) (22) (23) nor strand displacement at the replication fork (24) .
These uncertainties prompted us to further investigate the effect of UV light on DNA replication using autonomous parvoviruses as probes and exposing the virus to UV light extracellularly prior to infection of untreated or UV-irradiated cells. Autonomous parvoviruses contain a single-stranded (SS) DNA genome which constitutes a single replicon that is converted into duplex Replicative Forms (RF) in infected cells (25) . The primary event in the DNA replication cycle is in the continuous and unidirectional elongation of the 3' end palindrome of the viral genome which serves as a natural primer and a unique origin (26) . It appeared to us that this event might be especially suitable to monitor the effect of UV-light on DNA replication on a leading strand. Previous studies using the autonomous parvovirus Minute-Virus-of-Mice (MVM) in A9 mouse fibroblasts showed that cell UV-irradiation prior to infection with UV-irradiated virus enhanced virus survival (27) , a phenomenon called UV-Enhanced Reactivation (UV-ER) by Lytle (28) . UV-ER in prokaryotes has been claimed to be related to an enhanced capacity for copying damaged DNA (29) . In mamma Han cells, the primary target of UV-ER is not known. In that general context, the present study was undertaken to compare untreated and UV-pre-Jrradlated A9 cells for their ability to convert SS-MVM DNA to duplex RF.
Materials and Methods

Virus and Cell
The plaque-purified strain T of MVM (30) was grown in the A9 variant of mouse L cells (31) . Cells were maintained and virus was produced and 32 purified according to Tattersall et al. (32) .
P-labelled MVM virions were prepared from suspension A9 cultures as described by Ward and Dadachanji (25) except that medium contained 2% of the normal phosphate concentration; viral DNA had an initial specific activity of about 1.3 x 10 cpm/ug. Monolayers of A9 cells were accumulated in C o by isoleucine deprivation as described previously (27) . After release from isoleucine starvation, synchronized cells entered into S after about 15 hours.
UV-irradiation
Virus suspensions and cell monolayers were UV-irradiated as described (27) . pfu/cell of P-labelled MVM. The input virus multiplicity was estimated from the specific activity of viral DNA and the particle to infectivity ratio of MVM (30) and refer to inocula prior to irradiation. The time of cell irradiation was selected to give maximal UV-ER of virus survival (27) .
Infected cells were incubated in complete minimum essential medium and harvested at intervals. Intracellular DNA was fractionated by a modification of the Hirt procedure (32) . The DNA from the supernatant fraction was precipitated with 3 volumes of ethanol at -20°C. The DNA precipitate derived from each dish was redissolved in 0.75 ml of 10 mM
Tris, 1 mM EDTA (pH 7.5) and incubated for 1 hour at 37°C with Proteinase K (50 ug/ml). The DNA solution was purified by three extractions with an equal volume of a 1:1 mixture of phenol (saturated with 10 mM Tris-HCl buffer, pH 8.0) and chloroform-isoamyl alcohol (24:1, vol:vol). After ether-extraction the aqueous phase was made 0.3 N in sodium acetate and DNA was precipitated with 3 volumes of ethanol after standing at -70°C for 2
hrs. In some experiments the Hirt pellet derived from individual cultures was extracted three times with 1.5 ml of acetone; the precipitate was dried under vacuum, suspended in 3 ml of 10 mM Tris, 10 mM EDTA (pH 7.5) and incubated with Pronase (1 mg/ml) for 2 hrs at 37°C. After repeated extraction with phenol-chloroform:isoatnyl alcohol, the pellet-associated 32 DNA was ethanol-precipitated. The overall recovery of the P-labelled DITA was 92 and 83Z for the Hirt supernatant and pellet, respectively. Ir reconstruction experiments, about 51 of the purified viral DNA added to uninfected cells lysates was found in the Hirt pellet, irrespectively of whether it was single-or double-stranded (data not shown).
Enzyme-assay conditions
The ethanol-precipitate of one tenth of the DNA extracted from one culture was redissolved in 50 ul (Hirt supernatant) or 250 ul (Hirt pellet) of appropriate buffers, at respective concentrations of about 0.3 and 0.05 ug radio-labelled viral DNA per ml (as calculated from Cerenkov counting of the samples and the specific radioactivity of input viral DNA). The parental viral (v) DNA is first converted into a monomer-length DNA duplex (RF 1) by undirectional and continuous elongation of the 3' terminus that serves as a natural primer for the synthesis of the complementary (c) strand. This DNA has the turnaround (ta) configuration, in which the v and c strands are linked covnlently through the 3' hairpin duplex. RF DNA is then amplified by a process in which both monomeric (RF 1) and concatemeric (RF 2) DNA species are generated (see ref. 25 and 26) . This process gives rise to dimeric RF (see Figure) and higher multimeric RF forms (not shown). Site-specific cleavage of concatemers would generate monomeric RF molecules in the extended configuration (RF le) containing a copy of the 3' hairpin sequence in its original orientation. The final stage of replication is postulated to involve the asymetric strand displacement synthesis of SS progeny DNA from RF DNA. parental DNA; newly synthesized DNA structures at both ends of the viral genome, the 3'-and 5'-termini of all RF molecules can be found in extended (e) or turnaround (ta) configurations, a reflection of whether the nucleotide sequence within the palindrome has been replicated or not, respectively. The gel fractionation systems used in the present study will resolve the two configurations of terminal restriction fragments up to 2 Kb in sire; however, because of the small size of the palindromes, full length RF molecules containing different terminal configurations cannot be separated.
To study the effect of UV-irradiation on the replication of parental 32 viral DNA, untreated cells were infected with P-labelled, UV-irradiated 
TIME POST INFECTION (hours)
Recovery of input radioactivity in the Hirt-supernat,ant Twelve hours after irradiation with.UV-light (0 or 4.5 Jm ), Garrested cell cells were Infected with P-labelled intact or UVirradlated (50 Jm ) MVM, incubated in complete medium, and harvested at intervals. The radioactivity of the inoculum was the same for all batches of cells. Viral DHA was extracted (32) and the total P-activity in the Hirt supernatant fraction was measured by liquid scintillation spectrometry. Average values from two independent experiments (standard deviation less than 30Z). Data were pooled to calculate the regression line. A, unirradiated virus in unirradiated cells; o, UV-irradiated virus in unirradiated cells; •, UV-irradiated virus in UV-irradiated cells. For the sake of clarity, the control data are illustrated as a single control curve, although the stimulation factor in each experiment was calculated relative to an internal unirradiated cell control. Actual data for control cells were similar to those of Figure 4 .
and UV-irradiated virus, but to a greater extent for the latter. In the experiments shown in Table J_ (lines 1-4), the enhancement for unirradiated virus (around 1.25) was 16Z of that for UV-damaged virus, ci The enhancement of DNA conversion was dependent on active protein synthesis during the interval between cell irradiation and virus infection.
Indeed, cycloheximide, a potent protein synthesis inhibitor, abolished the stimulation, if present during that interval (Table 1 , lines 5-7 and Figure   9 ). Cycloheximide was used at concentrations which did not affect detectably RF formation in unirradiated cells; moreover such a cyclohexmlde treatment had little effect on the titer of intact virus and the survival of UV-damaged virus in unirradiated cells (27) . The drug thus appeared to Inhibit selectively the UV-induced enhancement of viral DNA conversion.
Discussion
Parvoviruses as probes of replication on a UV-irradlated leading strand
The conversion of parvoviral SS DNA to duplex RF involves the synthesis This property might be related to the persistency of the inhibition of parvovirus DNA replication, although large sister strand exchanges do not appear to play a major role in the recovery of UV-irradiated duplex DNA synthesis in animal cells (2) . Morever, it should be noted that the replication of both UV-damaged 0X174 (29) and MVM DNA was studied, in particular, after infection of untreated cells, whereas cultures were exposed directly to UV-light in the case of cellular and SV40 DNA analysis.
As discussed below, the ability of irradiated cells to replicate damaged DNA might not be the same as that of normal cells. Consequently, the possibility should be considered that the cell treatment might also contribute to the different persistency of the replication blocks observed for SS and DS DNA. Since cells were in G during that period cycloheximide might suppress UV-induced phenomena directly by inhibiting the ji£ novo synthesis of proteins required for their expression; it cannot be ruled out, however, that the drug acted indirectly by disturbing subsequent cell DNA replication. The factor of enhancement was similar for viral titer and DNA replication and was higher for Irradiated than for intact virus. It can be calculated that under the conditions defined in Table 1 , the average numbers of hits overcome by the preirradiation treatment were similar and close to 0.65 per virion for both RF formation (Table 1 and Fig. 5A ) and virus infectivity (27) . These correlations are strengthened by our previous observations showing that (i) the step of the virus life cycle sensitive to UV-ER was subsequent to virus uptake (27) but preceded virus release and secondary infection (44) , and (ii) ER of parvoviruses was associated with viral mutagenesis (45) . Altogether our data thus suggest that viral DNA replication might be a candidate target of the UV-ER process. We are presently testing the tightness of the correlation between the increases in virus survival and the extent of DNA conversion.
